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Abstract
Laser metal deposition (LMD) is an additive manufacturing technology for the fabrication of metal parts through 
layerwise deposition and laser induced melting of metal powder. The poor surface finish presents a major limitation in 
LMD. This study focuses on the effects of surface inclination angle and strategies to improve the surface finish of LMD
components. A substantial improvement in surface quality of both the side and top surfaces has been obtained by laser 
remelting after powder deposition.
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1. Introduction
Laser metal deposition (LMD) - also called laser engineered net shaping, laser cladding,…- is an additive
process wherein a laser source is used to fully or partially melt metal-based feedstock on to a metal substrate.
Usually powder material, which is transported to the substrate in a transport gas by means of a nozzle, is used
as feedstock. Using this technology, both coatings and complex three-dimensional parts can be produced in an 
additive way. For the latter, a first step involves data preparation, which starts by slicing the computer aided
design (CAD) drawing of the part into a sequence of two-dimensional layers. On each layer, tool paths and 
their corresponding process parameters are defined. The resulting file is given as input to the LMD machine.
A drawback of LMD is the poor surface finish, which requires usually machining of the parts by e.g.
milling, in order to comply to the geometrical and mechanical (fatigue) strength requirements. A bad surface
quality results from the layer wise nature (‘staircase effect’) of the AM process and also from powder particles
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sticking to the surface. Both factors are affected by the process parameters, the part’s geometrical features and 
the powder characteristics. A number of studies have been conducted in the field of surface roughness analysis 
of parts processed by various AM technologies (see e.g. Yasa and Kruth, 2011; Gharbi et al., 2011; Strano et 
al., 2012; Diatlov et al., 2012; Liu and Li, 2004; Spierings et al., 2010; Ahn et al., 2009).  
Yasa et al. report that laser remelting is an effective strategy to reduce the surface roughness of parts 
fabricated by selective laser melting (Yasa et al., 2011). This processing step can be introduced in the build-up 
procedure. LMD offers in particular the possibility of laser remelting freeform surfaces in a uniform way by 
its multi-axis degrees of freedom.  
2. Experimental 
LMD experiments have been carried out using a 7 kW IPG fiber laser with outcoupling fiber with a 
diameter of 600 μm. The use of a 250 mm focus lens and a 125 mm collimator lens results in a laser spot 
diameter of 1200 μm on the substrate. Gas atomised stainless steel AISI 316L powder has been supplied in an 
argon gas by means of a continuous coaxial nozzle (Fraunhofer ILT). Samples have been built on stainless 
steel AISI 316L flat substrates with a thickness of 8 mm. The deposition strategy is schematically illustrated 
in Fig. 1. For each layer the deposition consists in moving along the contour followed by a raster scanning 
pattern in the interior of the layer. The distance between the contour and filling is 0,3 mm. The fill pattern of 
subsequent layers is rotated 90°. The process parameters are given in Table 1. 
Fig. 1. Schematic illustration of scanning strategy. 
Table 1. Process parameters applied during powder deposition. 
Laser power 
(W) 
Scan speed 
(mm/min) 
Scan spacing fill tracks 
(mm) 
Layer thickness 
(mm) 
Powder flow 
(g/min) 
550 750 0,6 0,45 2,3 
 
The surface roughness of the top and side surfaces has been measured. The impact of the slope angle of 
non-overhanging side surfaces on the surface quality has been investigated. The effect of laser remelting of 
top and side surfaces is presented below. Laser remelting of the top surface using different laser powers and 
scan speeds has been performed perpendicular to the deposition direction of the last layer using 75% overlap 
between neighboring tracks. The side surfaces have been remolten by a laser moving perpendicular to the 
deposition direction of the contours using a laser power of 1000 W, a scan speed of 1000 mm/min and 75% 
overlap between neighboring scan tracks.    
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The surface roughness has been obtained by white light profilometry using an evaluation length of 10 mm 
and a cut off length of 2 mm. For each sample measurements have been performed on 5 different locations. 
Surfaces have been analysed along different directions. 
3. Results and Discussion 
The typical surface profiles of the top of a LMD part deposited using the processing conditions in Table 1 
with and without subsequent laser remelting along the Y-direction are shown in Fig. 2. The X-direction 
corresponds to the deposition direction in the interior of the last layer. The top surface of the as-deposited 
component exhibits a regular waviness in a direction perpendicular to the deposition direction of the last layer 
(= Y-direction) with a periodicity corresponding to the scan spacing between neigbouring tracks (see Fig. 
2(a)). The surface profile along the scanning direction (= X-direction) is smoother. The beneficial effect of 
remelting the top surface perpendicular to the scanning direction of the last layer is illustrated in Fig. 2 (b). No 
waviness corresponding to the scan spacing during powder deposition or laser remelting can clearly be 
distinguished.   
From the surface profile data the maximum roughness height Rt of the top surfaces remolten at different 
processing parameters have been extracted, as illustrated in Fig. 3. As expected a higher roughness is obtained 
perpendicular to the deposition direction (=Y-direction) in as-deposited condition (marked as ‘A’ in Fig. 3). 
On the contrary, after laser remelting using sufficiently high laser power and heat input the surface roughness 
tends to be higher along the deposition direction and perpendicular to the laser remelting direction (=X-
direction). This trend is not observed after laser remelting using a laser power of 200 W and a scan speed of 
500 mm/min. These parameters are not able to remelt the surface sufficiently deep as can also be observed by 
visual inspection of the surface (Fig. 3(b)). At sufficiently high laser power and heat input during laser 
remelting a reduction in Rt with a factor of ~ 5 has been obtained.  
 
(a) (b) 
Fig. 2. Surface profile data of the top surface of a LMD part (a) without and (b) with laser remelting along the Y-direction (= 
perpendicular to the deposition direction of the top layer) using a laser power of 500 W and a scan speed of 1000 mm/min after powder 
deposition. 
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(a) (b) 
Fig. 3. (a) Photograph and (b) surface roughness of the top surface of a LMD component in as-deposited and laser remelted conditions. 
The laser power and scan speed during laser remelting are indicated in figure (b).  
The side surfaces of various LMD components have also been analysed. A simple equation to predict the 
arithmetic average surface roughness Ra along the slope of the side surface of an AM part (Y-direction in Fig. 
4), considering the staircase effect, is:  
Ra = ¼ t cos (90- ) 
with t the layer thickness and  the slope angle (see Fig. 4). The roughness values predicted by this 
equation range from ~ 30 μm to 110 μm for slope angles of respectively 15° to 75°. This equation gives a 
rough approximation as it assumes layers with straight edges, which is obviously not the case in LMD. The 
surface roughness values obtained in this study are substantially lower (Fig. 4), which can also be caused by 
filtering of the surface profile data for determination of the roughness values. 
The experimentally determined increase in surface waviness of the side surfaces as a function of slope 
angle is presented in Fig. 4. Fig. 4 shows also the major improvement in surface quality obtained by laser 
remelting perpendicular to the deposition direction of the contours on the analysed side surface (=Z-direction 
in Fig. 4). With laser remelting roughness values up to 1,5 μm have been measured, which is more than an 
order of magnitude smaller than for side surfaces with large slope angles in as-deposited condition . Note also 
that the sharp increase in roughness as a function of slope angle has disappeared.  
 
  
 
Fig. 4. Effects of slope angle  and laser remelting on surface waviness of side surfaces measured perpendicular to the scanning direction 
of the contours at this surface (= Z-direction). 
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